In this paper, we report the realization and characterization of a four-channel integrated uplical Young interferometer (YI), which enables simultaneous and independent monitoring of three binding processes. The simultaneous and independent measurement of three different glucose concentrations shows the multi-purpose feature of such device.' The phase resolution for different pairs of channels was -1~1 0~ fringes, which corresponds to a rehctive index resolution of -8.5~10-~. The observed errors, which are caused due to mismatching of spatial frequencies of individual interference panerns with those determined from the CCD camera, have been reduced by using different reduction schemes. In addition, we have investigated a novel method for discrimination of the refractive index change from the thickness of a bound layer during an immunoreaction, as well as measuring the temperature change that takes place during such a process.
INTRODUCTION
A common feature of the interference-based sensors that have been developed in recent years, such as MZI 111, YI 121, etc, is that they are able to monitor one single analyte at a time, e.g. concentration of a given pesticide in drinking water [3] . It is desirable to expand these sensitive sensors to a multichannel device, which could enable. monitoring of multiple binding processes simultaneously and independently from each other by immobilizing different receptor molecules to different channels. In addition, by using such a device, a binding curve of an analyte to a specific receptor layer can he achieved by applying different concentrations of the analyte molecules to different channels. Several measurement devices can he used simultaneously to fulfill this objective, but a more attractive option is the use of a sensor that contains several sensing elements in parallel. Advantages of such device can be simple addressing of all sensors using one light source, easier sample handling, less packaging costs, etc.
THEORETICAL DESCRIPTION
Four-channel YI. The principle of the 4-ch YI is similar to that of the 2-ch YI as described previously [4] . In o w The output divergent beams will overlap with each other and the final interference pattern will he a superposition of individual interference patterns, each of them representing the overlap of the divergent beams of a specific channel pair. The interference pattem is recorded hy a CCD camera, which is placed at a distance L from endface of the integrated chip. The irradiance distribution of the sum interference pattern at the input face of the camera can be derived to be provided output powers of four channel outputs are identical. A channel output is approximated as a point source. In Eq. (l), AQXy) is the phase difference between the interfering beams coupled out from ith and jth channels as a result of their different optical path length at the interfering position y on the CCD camera; dy is the distance between these channels and A Q~ is the phase change induced by refractive index changes An, and An, in ith and jth channels respectively. The phase change AaU{y) can he derived to be The refractive index changes in channels i and j can he induced due to a binding process between analyte and receptor molecules within the evanescent region of a guided mode in the sensing window of each channel. The phase change AQ can be written as where 1 is the length of the sensing window realized on top of each output channel, aN&n is the sensitivity of the effective refractive index Nef to the refractive index change, and Anv = An, -An? A change of Ang causes a spatial shift Ayq of the individual interference pattem for this channel pair along the camera surface. This shift can be calculated in similar way as for the 2-ch YI as If one chooses channel one, two, and three to be the measuring channels, and channel four as the reference channel: the refractive index changes Anl4, An24, and Ann, 4 can he determined from Eq. (4) by measuring the spatial shifts Ayyi4, Ay24, and Ayy34. These spatial shifts can he measured simultaneously and independently from each other by choosing different distances do between output parallel channels such that each pair of channels can be considered as a 2-ch YI with a unique distance between its measuring and reference arms [4] .
Analysis of phase error and cross-talk. The simulations with the 4-ch YI have shown a difference between the expected phase changes and resulting ones if a given phase change is introduced at channel 1. This difference is noted as phase error (PE). In addition, a phase change is observed for the channel pairs where no phase change is expected, noted as cross-talk (CT). The origin of these errors can he found in the signal analysis algorithm, a problem that is well-recognized in literature [6, 71. In the 4-ch YI the interference pattem is recorded with a CCD camera, which has a finite number of pixels that are equally spaced from each other, and analyzed based on a FFT algorithm. According to the Discrete Fourier Transform (DFT) theory [XI, the outcome of the Fourier transformation will he a discrete spectrum of spatial frequencies, which are determined by the total number of camera pixels and the sampling interval. On the other hand, the spatial frequency of the interference pattern between two output channels i and j depends on their distance dii, the wavelength used, and the distance between the CCD camera and chip endface. For a particular set of these parameter values, the spatial frequency of a given interference pattem can be either equal to one of the spatial frequencies determined from the CCD camera, or different from them. The distance of the CCD camera from the chip endface where all spatial frequencies of individual interference patterns match with one of the spatial frequencies determined from the CCD camera is noted as a 'matching' distance. It is known that if the frequency of the original signal matches a spatial frequency of the CCD camera exactly, only the main lobe of the spectrum is present. In that case, the frequency of the original signal can be read very precisely, and so can the phase of the signal. On the other hand, if this condition is not satisfied [9], the energy from the main peak leaks out to the surrounding frequencies, known as spectral leakage, resulting in the appearance of side-lobes in the spectrum. For signals containing more than one spatial frequency, side-lobes of one frequency can overlap with main lobes of other frequencies, introducing in such a way an additional error in the positioning of the main lobe. In the 4-ch YI, where the original signal contains six individual interference pattems, resulting in six different spatial frequencies, this effect is significant. Consequently, an error is introduced on extracting the corresponding phase values at the phase part of the FFT, giving rise to the PE and CT. In Figure 3 are shown the PE and CT calculated for different phase changes introduced in channel 1 and no spatial frequency matching is present. According to this calculation, the PE.and CT are reduced to -0 when the introduced phase change at the output channels is an integer number of fringes, regardless of the spatial frequency matching condition. Moreover, the PE and CT are periodically changing with a period of 271 and they reach a maximum when the introduced phase change at window fimction, e.g. the Hanning window, before the FFT is applied; implementation of the spatial frequency matching in the algorithm, which consists of truncating the recorded interference pattern such that an integer number of fringes is contained for each individual interference pattern. For that purpose, it is often necessary to resample initially the signal data to a larger number of data points using an interpolation step, such that after the truncation procedure, the total number of fringes will be comprised by an integer number of data points. According to our calculations, when the Hanning window is used, the PE and CT can be reduced with 3 factor of -
5.
Using the matching technique, the PE and CT in the four-channel YI can also be reduced with a factor of -5 .
CHIP FABIUCATION AND SET-UP
The 4-ch integrated optical YI chip has been realized as an optical circuit consisting of three Yjunctions positioned in such a way that the two output channels of the first Y-junction serve as input channels for the next two ones, as shown in Figure 4 . The distance between the output branches of the first Y-junction was chosen 160 pm such that the distances between the four output channels are dlz = 60, d23 = 80 and d34 = 100 pm guaranteeing that all six spatial frequencies in the interference pattern are different. The Y-junctions have been designed with S-bend structures having a bend radius of 10 mm. The bend in the input waveguide is implemented for reducing the intensity of the slab light at the channel outputs. The channel waveguide structure has been realized in S O N technology [ll] . The layer structure consists of a silicon <loo> wafer provided with a 3 pm thick thermal silicon oxide layer with a refractive index n, = 1.459, a 90 nm thick LPCVD grown silicon nitride core layer with refractive index of nr = 2.036, and a 1 5 pm deposited PECVD silicon oxide layer with refractive index nc = 1.464. All refractive indices refer to a vacuum wavelength of 647 nm. The ridge of the channel waveguide structure and the channel width have been chosen respectively 1 nm and 2 pm, guaranteeing a single-mode behavior for the TE polarized light with a vacuum wavelength of 647 nm. A sensing window is realized on top of each output channel, as shown in Figure 4 , by locally removing the PECVD Si02 layer using a BHF etching solution. Each sensing window is 4 mm long and 100 pm wide. Sensing windows are positioned in a 'diagonal' configuration with an interdistance of 3 mm. Monochromatic laser light with a wavelength of 647 nm is end-fire coupled into the input channel-waveguide using a microscope objective with numerical aperture of 0.65. The four output divergent beams are overlapping each other at the 'front side of a CCD camera (Teli CS-3440; 756 x 575 pixels; wpixel = 11.6 pm), which is placed at a distance of about 60 mm from the chip endface and parallel to the endface plane for recording the interference pattern. A cylindrical lens is positioned between the chip endface and the CCD camera to collimate the output divergent beams in the direction perpendicular to the sensor chip, increasing in that way the light intensity that reaches the camera. A four-chamber flow-through cuvette is gently pressed on the chip such that sampling liquids can independently flow into each chamber. The recorded sum interference pattern is digitized to 12-bit information, and analyzed by a computer program in which a 2D-FFT algorithm is implemented. This algorithm consists of selecting six different peaks, which correspond to six pair of channels, in the amplitude of the Fast Fouriertransformed interference pattern. At the phase part of the FFT the phase value corresponding to each pair of channels is extracted at the given spatial frequencies.
MEASUREMENTS
In Figure 5 is shown the response of the sensor when the phase change introduced in channel 1 is gradually increased from 0 to 2 x 2~ by flowing 1.232% (by weight) glucose solution [12] . The PE and CT measured for At phase changes of an integer number of fringes the PE and CT are caused only by experimental errors. We observe that PE and CT are nearly zero (-0.005~271) for phase changes of 271 and 2 x 2~. This is a clear indication that experimental errors are small, and the deviations observed in Figure 6 , are largely due to the data analysis algorithm. In order to reduce the PE and CT for phase changes different from integer number of fringes occurring at output channels of the device, several techniques described above are implemented. If the windowing technique is applied, using Hamming window the PE and CT are respectively reduced with a factor of -4 and -1.4. The PE and CT are reduced with a factor of -1.9 and -2.4 respectively if the technique that aims at the removal of the mismatching effect is implemented. A better result is achieved by combining two last techniques, which can decrease both the PE and CT with a factor of -3.5. The experimentally obtained PE and CT reductions are smaller than indicated by the calculations. The reason can be found in the presence of spurious fringes in the real interference pattem and a nonlinear response of the detector [6, 71, which are not assumed in the calculations. In addition, one has to consider the influence of experimental errors such as drift, misalignment, or any leakage of the flow chambers, which again are not included in calculations.
In Figure 7 the response of the sensor is shown when a phase change of 2~ is introduced in channel one and three, and a phase change of 2 x 2~ is introduced in channel two simultaneously, using 0.616% and 1.232% (by weight) glucose solutions. Pure water is continuously flown to channel four. After a stable signal has been reached, the solutions were exchanged for pure water, at first in channel two, next in channels three and one. From the measured values, A(p12, AV,,, and A(pI4. we can determine the phase change that is introduced in the channels, A@,, AQ2, and A&. Note that A@4 = 0, because no phase change is introduced in channel four. The timedependence of these channel phase changes is shown in Figure 8 . The obtained phase changes nicely correspond to the introduced ones, in that way demonstrating one of the multi-purpose features of the multichannel device with which, three different glucose concentrations were measured simultaneously and independently from each other. 
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long-term stability of the phase change for different pair of channels is -Sx104 fringes x h-', being improved compared to the one in the 2-cb YI (-1x10 " fringes x h-l) because the environmental changes, such as temperature fluctuations, are better compensated due to the presence of a sensing window on top of each output channel.
MULTIPLE.WAVELENGTH APPROACH
The interference-based sensor, such as MZI, YI, etc. are used to measure the phase change between the measuring and the reference channels when a bulk refractive index change, or a thickness change of a hound layer in the sensing window of the measuring channel occur, see Figure 9 . It is often possible that these two contributions occur simultaneously and the resulting.phase change is a sum of both contributions. In addition, the influence of factors such as temperature changes, which can be caused during an immunoreaction, introduce an extra phase change which is added to the one caused from the binding process. In order to reduce such an influence, the reference and measuring channels are usually positioned close to each other in order to compensate the possible temperature changes. However, this influence cannot be completely avoided, -especially at. short time intervals. after the immunosensing process occurs. It will be a more attractive alternative if one can determine the phase change due to the temperature changes, which later can be subtracted from the,phase change caused by the binding event.
I Figure 9 . Schematic presentation of a three-layer waveguide structure where a binding process between analyte and receptor molecules is taking place at the corecover interface.
We have found, foi the first time to our knowledge, a method to determine simultaneously and separately the phase changes due to the bulk refractive index change and the thickness change of a bound layer, including the one due to the temperature change. This approach consists of simultaneous use of three different wavelengths, and because of the dispersion effect, three different phase changes can simultaneously and independently be measured. Consequently, a system of three equations can be written based on which three unknowns, ,i.e. the refractive index change,. thickness change of the bound layer, and temperature change, can be determined. To be able to solve this system of equations, the dependence of the effective refractive index change of a ,guided mode from a temperature change during an immunoreaction and concentration of the cover medium are derived.
CONCLUSIONS
A 4-ch integrated optical YI sensor has been designed, fabricated, and tested as the first multichannel interferometer device. We have shown experimentally that the 4-ch YI can be used to measure three different concentrations of an analyte, such as glucose, simultaneously and independently from each other. The measured phase resolution that corresponds to different pair of channels is -1~1 0~ fringes, corresponding to an effective refractive index resolution of -1.6~10.~.
Different error reduction schemes, such as the Hamming window and the matching technique, can reduce the PE and CT due to mismatch between the spatial frequencies of the individual interference patterns and those determined from the CCD camera with a factor of -3.5.
Furthermore, we have investigated a method to discriminate the refractive index change from the thickness of a bound layer, taking place in an immunoreaction, as well as to measure the temperature change during such a process.
